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Abstract: Intramolecular benzoin reactions catalyzed by 
benzaldehyde lyase from Pseudomonas fluorescens biovar I (BAL) 
are reported. The structure of the substrates envisaged for this 
reaction consists of two benzaldehyde derivatives linked via an alkyl 
chain. The structural requirements needed to achieve the 
intramolecular carbon–carbon bond reaction catalyzed by BAL were 
established. Thus, a linker consisting of a linear alkyl chain of three 
carbon atoms connected through ether-type bonds to the 2 and 2’ 
positions of two benzaldehyde moieties, which could be substituted 
with Cl, Br or OCH3 at the 3 and 3’ or at the 5 and 5’ positions, were 
suitable substrates for BAL. Reactions with 61%-84% isolated yields 
on the intramolecular product, with ee values between 64% and 98%, 
were achieved.  
Intramolecular stereoselective carboligation is a challenging 
reaction in synthetic organic chemistry, which is essential to gain 
access to naturally occurring compounds and analogues.[1] 
Different strategies have been developed to form intramolecular 
C–C bonds. Among them are aldol reactions such as Robinson 
annulation[2], Hajos-Parrish-Eder-Sauer-Wiechert reaction[3], 
metal-catalyzed annulation including ring closing metathesis,[4] 
and enantioselective intramolecular benzoin reactions using N-
heterocyclic carbenes as catalysts.[5] In addition to chemical 
methods, a plethora of intramolecular C–C bond forming 
reactions occur in different complex metabolic pathways of living 
organism, catalyzed by highly evolved enzymes, such as: myo-
inositol 1-phosphate synthase[6] in the inositol metabolism; 3-
dehydroquinate synthase[7] in the shikimate pathway; 
tetracenomycin F2 cyclase[8] in polyketide synthesis; taxadiene 
synthase[9] in the cyclization of geranylgeranyl diphosphate to 
taxa-4(5),11(12)-diene, and those involved in terpenoid 
metabolism.[10] These enzymatic reactions are highly efficient 
and selective and they have always amazed organic chemists. 
In this line of thinking and to the best of our knowledge, the use 
of aldolases or thiamine-diphosphate (ThDP)-dependent 
enzymes as catalysts for asymmetric intramolecular 
carboligation reactions with synthetic substrates has not yet 
been reported. Therefore, we regarded the study of the potential 
of the ThDP-dependent benzaldehyde lyase from Pseudomonas 
fluorescens biovar I (BAL) to catalyze the formation of 
intramolecular C–C bonds via the benzoin reaction to be novel 
and possibly seminal for further investigations. Specifically, we 
studied the BAL-catalyzed intramolecular benzoin reaction 
between aromatic and heteroaromatic derivatives, connected via 
a spacer chain with ether bonds (Figure 1). These substrates 
should lead to cyclophane-type molecules of interest in 
supramolecular chemistry and would thereby open up new 
asymmetric synthetic routes for their preparation.[11] Two goals 
were pursued: first, to gather information on the structural 
requirements for these compounds to identify suitable substrates 
for the intramolecular reaction catalyzed by BAL; and second, to 
study the scope and limitations of these enzymatic reactions. To 
this end, the length of the alkyl linker chain, the functional 
groups in the linker and the substitutions in the aromatic rings 
were systematically investigated. 
Initially, the position of the linker in the aromatic ring and the 
number of methylene units in the alkyl chain connecting the two 
benzaldehyde units were studied (compounds 1-3, Figure 1). 
Ether linkages were established between the alkyl chain and the 
aromatic moiety. The synthesis of 1-3 was accomplished by the 
reaction between the corresponding hydroxybenzaldehyde and 
1,n-dibromoalkane under basic conditions, with 31%-97% 
isolated yields (see Supporting Information). 
 
Figure 1. The 2,2'-, 3,3’- and 4,4’-linked dibenzaldehyde derivatives proposed 
as substrates for a BAL-catalyzed intramolecular benzoin reaction. 
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product (R)-4 with 77% isolated yield and no intermolecular 
benzoin product being detected. Chiral HPLC analysis indicated 
that the reaction was highly enantioselective (90% ee of the R-
configured product). However, neither of the other two 2,2’-
anchored analogues with shorter or longer alkyl linker chains 
(i.e., 1a and 1c) afforded any detectable amount of benzoin 
products. A molecular model of 1b bound to the ThDP cofactor 
of BAL (Figure 2) indicates that the pre-reaction complex before 
cyclization is tightly packed in the narrow active site. This 
suggests that the substrate selectivity of the intramolecular 
benzoin reaction is mostly related to the steric limitations of the 
cavity.[12] 
 
Figure 2. Molecular model of 1b (orange) covalently bound to the ThDP 
cofactor (green) in the active center of BAL (PDB 3D7K).[13] The model 
corresponds to the QM/MM minimized (B3LYP/6-31G**) enamine intermediate 
(III in Figure S46) prior to the cyclization step (distance between reactive C-
atoms: 2.98 Å). 
The 3,3’-linked benzaldehyde derivatives with n = 3, 4 (2a-b) 
furnished only the intermolecular products 5a and 5b, with 
conversions of around 82% and isolated yields of 40% and 53%, 
respectively (Scheme 1B). Increasing the concentration of BAL 
(>2.5 U mL–1, one U of activity was defined as the amount of 
BAL which catalyzed the formation of 1 µmol of benzoin per 
minute at 25 ºC and pH 8.0.) or the incubation time (>24 h) 
resulted in the disappearance of both substrate and product 
signals in the HPLC, probably due to polymerization reactions 
(Figure S47A). On the other hand, no product was detected 
using 2c-d and 3a-e under any of the conditions tested. 
The influence of the concentration of 1b and BAL on the yield of 
the intramolecular reaction was therefore studied (see 
Supporting Information). At concentrations of [1b] > 20 mM, a 
sharp decrease in conversion was observed. A number of 
reasons could be proposed to explain this, among them, protein 
crosslinking, inactivation at the solid-liquid interphase, or 
substrate/product inactivation. (Figure S1). The intramolecular 
product yield increased with the BAL concentration up to 82% at 
160 U mL–1 (Figure 2S). 
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Scheme 1. BAL-catalyzed intramolecular (A) and intermolecular benzoin 
reactions (B) of 1b and 2a-b, respectively. Conditions: reaction volume 1 mL, 
[1b, 2a-b] = 10 mM, carbonate buffer (50 mM, pH = 8) containing MgSO4 (2.5 
mM) and ThDP (0.15 mM), DMSO (20% v/v), BAL (80 U and 2.5 U for the 
reactions depicted in A and B, respectively), T = 25 ºC. 
The alternative synthetic strategy of obtaining the benzoin 
derivative 6, from 2-hydroxybenzaldehyde by BAL catalysis, and 
subsequent reaction with 1,3-dibromopropane, yielded racemic 
rac-4 (Scheme 2). Non-enzymatic partial racemization of 6 was 
already observed under the reaction conditions of BAL catalysis 
(i.e., 50% ee by chiral HPLC, Figure S54). The racemization was 
strongly favored by the 2-substituted hydroxyl derivative, via a 
mechanism of -ketol-type rearrangement of benzoin derivatives 
under basic conditions.[14] Therefore, it was only possible to 
obtain the enantiopure product through the biocatalytic 
intramolecular benzoin reaction. 
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Scheme 2. Chemo-enzymatic synthesis of (R)-4 and rac-4. a) 1,3-
dibromopropane, K2CO3, CH3CN, reflux 12 h; b) [1b] = 20 mM, 50 mM 
carbonate buffer pH = 8, containing MgSO4 (2.5 mM) and ThDP (0.15 mM), 
DMSO (20% v/v), BAL (80 U), T = 25 ºC, 24 h; c) 2-hydroxybenzaldehyde (0.5 
M), 50 mM carbonate buffer pH = 8, containing MgSO4 (2.5 mM), ThDP (0.15 
mM) and DMSO (20% v/v), BAL (40 U), T = 25 ºC, 24 h. 
  
 
 
 
 
We next examined the effect of modifications in both aromatic 
rings (7, 9-12), aldehyde groups (8) and in the linker chain (13-
15) (Figure 3). The substrates were designed based on the initial 
optimized 2,2’ position of the linker with three methylene units (n 
= 3).  
The methoxy- and chloro-substituted benzaldehydes 7a-d (X = X’ 
= OMe, Y = C) and 7e (3X = 3X’ = Cl; Y = C) (Figure 3) were 
synthetized according to the methodology described for 1-3 with 
63%-88% isolated yields. The halogen-substituted 7f-j and the 
rest 8-15 required different starting materials and reaction 
conditions (see detailed description in the Supporting 
information). 
The symmetric substrates, 7a, 7c and 7e, with substituents at 
3,3’ or 5,5’ positions of the aromatic rings, furnished the 
corresponding intramolecular products: 16a, 16c and 16e, 
respectively (Table 1). On the other hand, no reaction was 
detected with 7b and 7d, bearing methoxy substituents at 4,4’ 
and 6,6’ positions, nor with 7f and 7g, with halogen substituents 
at 5,5’ positions. The asymmetric halogen monosubstituted 
compounds at 5 or 5’ position 7h-i, and 7j bearing a pyridine 
moiety, were substrates, which furnished mixtures of 
regioisomers 16 and 17. For 7j, BAL had a clear preference for 
the pyridine moiety as acceptor (67% 17j), whereas for 7h-i, it 
was nonselective (Table 1). Substrates containing 
phenylacetaldehyde (8), thiophene-2-carbaldehyde (9, 12), 1-
naphthaldehyde (10) and 2-naphthaldehyde (11) moieties were 
not tolerated and the starting material was recovered after 24 h 
of incubation. Furthermore, compounds with modifications in the 
linker, i.e. 13-15, were not substrates for BAL either. 
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Figure 3. Dialdehydes tested for the intramolecular benzoin reaction catalyzed 
by BAL. 
The structures of compounds 16 and 17 obtained in this way 
(Table 1) were confirmed by NMR. To unequivocally determine 
their absolute configurations, 16a and 16c were analyzed by 
single-crystal X-ray diffraction (Figure 4).[15] For compound 16e, 
two different crystal forms could be found: a majority of long and 
platy needles belonging to space group C2 and showing R 
configuration; and a few smaller block-shaped crystals that 
contained a racemate. R-configured benzoin adducts are usually 
obtained by BAL-catalyzed reactions.[16] The major 
stereochemical outcome was thus unbiased by the structure of 
these connected dibenzaldehyde substrates.[17]  
Table 1. The BAL-catalyzed intramolecular benzoin reaction of 
dibenzaldehyde derivatives 7.[a] 
 
 
Substrate  Conversion (%)[b] Product 
Isolated  
Yield (%) ee
[c] (%) 
7a 72 16a 67 98(R) 
7c 89 16c 84 98(R) 
7e 50, 90[d] 16e 61 64(R) 
7h 72 16h:17h 2:3[e][f] 58
[g] –[h] 
7i 35, 75[d] 16i:17i 1:1[e][f] 65
[g] –[h] 
7j 99 16j:17j 3:7[b] 26 (16j) 67 (17j) 
90(R) 
99(R) 
[a] [7] = 20 mM, [BAL] = 160 U mL–1, all other conditions as in Scheme 1A. [b] 
Determined by reverse phase HPLC. [c] Determined by chiral HPLC analysis 
(see Supporting Information). [d] This second figure is the conversion 
achieved after the repeated addition of 160 U mL–1 of BAL and an additional 
24 h of reaction time. [e] Proportion 16:17 determined by NMR. [f] The 
regioisomeric mixtures could not be separated by normal or reverse phase 
HPLC. [g] Product obtained as a mixture of regioisomers. [h] Not determined. 
 
Figure 4. X-Ray structures of (R)-16a (A) and (R)-16c (B). ORTEP-type plot 
displaying one molecule with 50% probability ellipsoids. (Note CCDC-1427223, 
1427224, 1427225 and 1427226 contain crystallographic data and structure 
factors for (R)-16a, (R)-16c, (R)-16e and rac-16e, respectively. The data can 
be obtained free of charge from The Cambridge Crystallographic Data Centre 
via www.ccdc.cam.ac.uk/data_request/cif. 
In summary, here we uncover the unprecedented capacity of 
BAL to catalyze intramolecular asymmetric benzoin reactions. 
This was accomplished using aromatic aldehyde derivatives 
connected via a linker chain. The structural requirements of the 
substrates for the reaction to proceed were an alkyl chain linker 
of three carbon atoms, bound through ether-linkages to the 2,2’-
position of two benzaldehyde moieties. Substituents at 3- or 5- 
  
 
 
 
 
position of the benzaldehyde rings, as well as pyridine 
analogues are also accepted by BAL.  
This led to novel cyclic benzoin adducts, analogues of 
pinacolophanes, and intermediates in the synthesis of 
stilbenophanes: both compounds are of interest in 
supramolecular chemistry. The structural requirements 
established for the BAL-catalyzed intramolecular reaction may 
be instrumental in future developments toward the synthesis of a 
novel class of cyclophane-type compounds. Along these lines, 
further experiments to widen the substrate scope of this reaction, 
including new 2,3’-, 2,4’-, and 3,4’-linked benzaldehyde 
derivatives, and different heteroatom-substituted spacer chains 
are in progress.  
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